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It is generally understood that uneven heating of the tread of a wheel 
during braking is possible. A method has been devised to measure the 
intensity and frequency of hot spots on the wheel tread surface. After a 
description of the measurement apparatus and technique, results of a study 
of hot spots during constant speed brake applications with single composition 
shoes are presented. Possible lowering of the hot spot level by increasing 
the conformability of the brake shoe is studied by cutting one slot across 
each pad of a brake shoe. The results show how this method of hot spot study 
can be used for the analysis and improvement of brake shoes. 
Introduction 
The tread of a railway car wheel can be subjected to severe heating 
while performing the function of a brake drum. Heat which is generated by 
friction between the brake shoe surface and the tread surface of the wheel 
rim develops 
1 a significant thermal gradient in the wheel (1) • A theoretical 
solution has indicated that significant thermal stresses can be developed 
throughout the wheel by uniform influx of this heat into the wheel rim (2,3, 
4). Experimental analysis of this problem is difficult since the heat is not 
necessarily generated or distributed in a uniform manner over the tread surface. 
The pressure developed at the interface of two bodies will generally .be 
nonuniform. Although the uniformity of pressure can be increased by careful 
machining or lapping of the corttact surfaces, heat generated by slip between 
the surfaces will probably lead to uneven temperature distributions along the 
surfaces. This would cause nonuniform expansion of the surfaces and uneven 
pressure would again exist. This is apparently what happens between a brake 
shoe and wheel. Although the composition shoe is thought to develop more 
uniform heating than the cast iron shoe, the situation is still imperfect. 
In order to develop methods of creating more uniform heating of the tread sur-
face, more must he learned about the temperatures generated on the tread. 
This nonuniform heating of the wheel tread causes local hot spots on the 
tread which can readily exceed 1300°F (704°c) while the "average" temperature 
of the tread area in contact with the brake shoe is much lower. These hot 
1 Numbers in parenthesis refer to references at end of paper. 
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spots are visible on the tread as a glowing "fireband" as the wheel rotates. 
A measurement of the number and temperature level of these hot spots has been 
considered desirable, however, it is questionable as to how the information 
can be used to reduce wheel damage developed by the braking cycle. It is 
generally assumed that hot spots are detrimental and that less wheel damage 
would occur if the energy dissipated by braking were more evenly distributed 
over the tread surface. The other viewpoint should be considered, When 
severe hot spots are developed, the percent of the total energy to be dissi-
pated that is driven into the wheel is probably less and as a result the over-
all wheel stress level is possibly lower. Thus, localized hot zones in the 
tread of the wheel could develop high stress levels while the general stress 
level in the wheel might be somewhat lower. This might imply that these hot 
spots are instrumental in the development of thermal cracks, but not signifi-
cant in the growth of thermal cracks into wheel fracture. 
Various methods of observation of wheel temperatures are feasible, A 
thermocouple can produce a signal if it is held near the moving hot wheel 
surface. Ideally there shou1d be a boundary layer on the wheel surface that 
is heated to the same temperature as the wheel material. If the thermocouple 
could be held in this layer without developing friction heating by sliding on 
the wheel tread, it should reach the same temperature as the wheel, Although 
the friction heating of the thermocouple has not seemed to be serious, the 
performance of the thermocouple is not completely satisfactory. In order to 
respond quickly to changes in the wheel temperature, a thermocouple must have 
a very small mass. Unfortunately a method to construct a thermocouple small 
enough to have adequate response time for hot spot analysis has rtot yet been 
devised, The indicated temperature is therefore some average of the tread 
temperature around the wheel circumference. 
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Various semiconductors can also be used as temperature measuring 
devices. Semiconductor devices rely on the principle that their properties 
change when subjected to radiation of different wavelengths. Since their 
properties depend on the wavelength of radiation, semiconductor devices need 
not be close to the surface which they are observing. These devices generally 
have a fast enough response time to adequately indicate the temperature 
levels around the wheel, A silicon pin diode has been successfully used 
as a temperature sensing device. This is a photo emissive device, that 
is, it generates a voltage when exposed to radiation. This voltage is 
proportional to the wavelength of the radiation and, therefore, proportional 
to the temperature of the source. Although the silicon diode that was used 
has useful sensitivity only above l000°F (538°c), its fast response time 
makes it very useful for hot spot study. Another type of semiconductor, a 
lead sulfide cell, has been used in other temperature studies (5,6). 
In addition to these devices, a method has been developed to optically 
stop an area of the wheel tread for a brief time during each revolution, 
With this method, photographs with adequate exposure time can be realized 
by making multiple exposures of the same tread area. A comparison of these 
photographs should permit observation of the growth and decay of hot spots 
during a brake cycle. This process has not yet been used in a systematic 
study. 
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Description of Tests 
All wheels are not subjected to the same braking conditions in service. 
Some wheels can probably go through their entire life without being severely 
braked while others, because of equipment, captive service or other conditions, 
could be subjected to severe braking throughout their life, A somewhat inter-
mediate braking condition was chosen for this initial investigation of hot 
spot development. The tests were performed at speeds of 40, 60, 80 and 90 
miles per hour (17 , 9, 26 . 8, 35.8, 40.2 meters per second) with the retardation 
2 force controlled to develop 100 horsepower (74.6 kW) • The hydraulic system 
used to apply the brakes was automatically controlled so that the shoe load 
would be adjusted to maintain the proper retardation force . Both the shoe 
load and retarding force were recorded during the tests. 
The tests used single composition brake shoes with some shoes slotted 
across the mid length of each wearing pad, Both the slotted and regular 
shoes are shown in Figure 1. Note that the slotted shoe is not cut completely 
through to the back and therefore the four pads that contact the wheel are 
still somewhat rigidly fastened together. The method in which the shoes 
were slotted would seem to offer a break in the continuity of shoe surface 
more than an equilization of shoe pressure, 
The general test procedure was to bring the wheel to the desired speed 
and, while maintaining this speed, apply the brakes for five minutes . At 
the completion of the five minutes the driving power was removed and the 
wheel was braked to a stop . After the stop, the slowly rotating wheel was 
water cooled for approximately 15 minutes and then allowed to continue 
rotating until dry, The test was then repeated, 
2 
All reference is to U. S. horsepower, 746 watts, as opposed to metric horse-
power, 735 watts. 
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Tread temperature measurements were made with the si1icon·diode detect;or, 
a thermocouple sliding on the tread surface, and upon completion of the test, 
with a hand held pyrometer. The sliding thermocouple was used to give some 
indication of the average tread temperature during the test. The hand held 
pyrometer was used as a check of the average temperatures of the tread after 
the wheel stopped rotating. The silicon diode was used to scan the tread 
surface for hot spots with its output feeding two counters which were triggered 
by temperature spikes of different levels. Since the device scanned an area 
approxim~tely one quarter inch (6.35 mm) in diameter, the entire tread sur-
face of the wheel could not be observed during one wheel revolution. There-
fore, the device was mounted so that it moved axially back and forth across 
the tread surface. The probe moved at nearly a constant rate and made a com-
plete cycle across and back the four inch (102 mm) tread width in approximately 
six seconds. The number of spikes above various temperature levels were 
counted each minute over a ten second span. 
During the test, the output from the silicon diode sensor was also dis-
played o~ an oscilloscope. A typical trace is shown in Figure 2. The verti-
cal scale is proportional to the voltage output of the sensor, and the hori-
zontal scale is a time scale. The downward spike seen on the trace was 
generated each revolution of the wheel so that the horizontal scale could be 
used as a measure of the angular position of the wheel. Examination of the 
trace shown in the figure indicates that; once during this particular wheel 
revolution the temperature exceeded 1300°F (704°C). With the. counting circuit 
0 0 at 1300 F (704 C) one count would have registered during this revolution. The 
0 0 output must drop below the 1300 F (704 C) level in order for a second count to 
register. If the second level counter had been set ~t 1200°F (649°C) three 
counts would have been registered. Figure 3 is a block diagram indicating the 
major components of the detector system. 
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The silicon diode detector as mounted during a test is shown in Figure 4. 
Note that a hot spot on the tread must travel nearly a full revolution after 
leaving the brake shoe before it passes under the detector. This detector 
position was originally chosen for convenience and ease of operation and the 
question later arose if it would be possible for a hot spot to cool signifi-
cantly before it reached the detector. 
A convenient mathematical analysis of the decay of a hot spot can be 
made by imagining the hot spot to be a half sphere on the tread surface of the 
wheel. In addition, the hot spot can be assumed to be at a constant uniform 
initial temperature and surrounded by an infinite expanse of cool material. 
If heat loss to the surrounding air is considered negligible, the problem is 
that of a hot sphere completely surrounded by cool material. The solution of 
this problem (7) gives the temperature of the hot spot as a function of time, 
For example, it can be shown that after 0.15 seconds, which is the approximate 
time to complete one revolution at 40 mph (17.9 m/s), the temperature at the 
center of a hot spot originally one half inch in diameter and at a uniform 
l000°F (538°C) is still 980°F (572°C). 0 0 A temperature of 800 F (427 C) would 
be present at a diameter of one fourth of an inch (6.35 mm) at this time, 
S . h" 1 ' d b f 0°F (-18°C), h' h . f 1nce t 1s ana ys1s assume a ase temperature o w 1c 1s ar 
below that found in the real situation, the decay rate of actual hot spots 
is probably slower. It would appear that the difference in data obtained by 
varying the detector position around the wheel circumference is small. At 
worst, the detector position used established a lower limit on the character-
istics of hot spots. 
The silicon diode in the detector is sensitive to the infrared radiation 
of the heated wheel. If the body of the silicon diode remains at a relatively 
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uniform temperature, it .is possible to establish a reasonably consistent 
relationship between the voltage generated by the sensor and the temperature 
of the object whose radiation is being measured. Such factors as thedistance 
from the heated source, surface condition, size of the aperture, and load 
resistance of the sensor were rather significant and were chosen as a compro-
mise between ease of operation and a more exacting condition that might be 
necessary if precise temperatures were required. All possible steps were 
taken to keep the variables constant during tests. 
The sensor was calibrated many times by mounting the sensor above a piece 
of heated wheel steel. The signal from the sensor was amplified and then 
applied to the "X" input of an X - Y recorder. The "Y" axis was driven by 
the output of a thermocouple mounted on the same wheel specimen. The curve 
thus established gave a relationship between the sensor output voltage and the 
temperature of the wheel material. The voltage generated, for a given temper-
ature, by the sensor was found to be rather consistent, and the ease of 
calibration made it possible to make changes in the physical arrangement and 
to note any changes in calibration. No statistical analysis was made of the 
variation, but by intentionally calibrating the device under conditions more 
adverse than would be encountered during testing, it was possible to develop 
a relationship between the signal generated and the minimum temperature of the 
material being monitored. It is desirable to interpret the generated signal 
as the lowest possible temperature that could cause the sensor to develop 
such a signal. 
One factor that influences the sensor signal is the temperature variation 
across the field viewed by the sensor. Since the sensor receives radiation 
from a finite area (in this case a circular area approximately one fourth 
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inch in diameter), the maximum signal developed depends to a large extent 
upon the maximum temperature within the area and to a lesser degree upon the 
area at the given temperature, During the calibration of the device, effort 
was made to have the entire area viewed by the sensor at the same temperature, 
Therefore, the maximum signal for the given minimum temperature was developed, 
Another factor that can influence the magnitude of the sensor signal is the 
time interval for which the heated area is viewed. The time response of the 
sensor was checked by exposing the sensor to an electrically heated element 
(equivalent to 1300°F (704°c)) which was mechanically chopped by a rotating 
disk with a small (approximately three eighths inch (9,5 mm) diameter) hole. 
Figure 5 is a photograph of two oscilloscope traces which show results of 
this analysis. The top trace-was developed with the disk rotating at a 
relatively slow rate, and the bottom trace was formed at a much higher 
rotation rate. The two traces in Figure 5 are very similar and indicate the 
sensor has the ability to detect a heated area in a very short length of time, 
If higher speeds were used, some attenuation of the signal would be expected, 
This attenuation would lower the indicated temperature, Fortunately, this 
means that the indicated temperature will always be a conservative estimate 
of the maximum temperature within the viewed area. The limitations of this 
type of a sensor should be clearly recognized so that the significance of the 
reported temperatures can be realized. 
Results 
Approximately 215 five-minute tests were conducted on the railway wheel 
dynamometer at the University of Illinois, Urbana, Illinois. Each test series 
started with a new composition brake shoe on a smooth but not necessarily 
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freshly ground wheel. No attempt was made to grind the shoe to fit the wheel. 
Temperature indications above three levels, ll00°F, 1200°F and 1300°F (593°c, 
649°c, 704°c), were counted over ten second intervals at the end of each 
minute of brake application. The data from these counters was collected and 
reduced to averages, as presented in Table 1, and plotted in Figures 6 and 7. 
The percent of tests in which hot spots occurred was computed on the basis of 
whether any or no hot spots had been detected during the ten second count 
period. Therefore a test in which 20 hot spots occurred during a ten second 
period would be weighted equally with a test in which only one hot spot was 
detected at the same time. The average number of hot spots per circumferential 
line was determined by averaging the number of hot spots detected at the given 
temperature during the ten second period and dividing this average by the 
number of revolutions the wheel would make in the ten second period. Note 
that a value of one does not imply that on the average only one hot spot per 
revolution would be expected, but rather that a one quarter inch (6.35 mm) 
wide circumferential strip would contain one hot spot with the given temper-
ature. Also note that Figures 6 and 7 make use of vertical logarithmic 
scales, Therefore differences between points which appear small can actually 
be quite large. 
Table 1 is an attempt to summarize the results obtained. Examination 
of this table and Figures 6 and 7 seem to indicate the following: 
1. Hot spots that exceeded 1200°F (649°c) were not detected with the 
40 mph (17.9 m/s) speeds. (Additional data not presented indicates 
0 0 
that no 1100 F (593 C) temperatures would be developed,) 
2, Hot spot frequency increased with increasing time of brake appli-
cation. 
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3. The chance of hot spots being developed at 80 mph (35.8 m/s) was 
greater than their being developed at 60 mph (26.8 m/s). At 90 mph 
(40.2 m/s) the frequency of hot spot development was not as high as 
at 80 mph (35.8 m/s), but still significantly greater than 60 mph 
(26.8 m/s). 
4. The only tests in which hot spots were detected after only one 
minute of brake application was with the 90 mph (40.2 m/s) tests 
with a complete shoe. 
5. 
0 0 0 
The slotted shoes did not cause as many 1200 F and 1300 F (649 C and 
0 704 C) hot spots. In addition, longer times were required to develop 
hot spots when the slotted shoes were used. 
Composition shoes have the tendency to pick up metal from the wheel. Under 
the conditions mentioned, the 40 mph (17.9 m/s) tests were the only tests that 
caused appreciable metal pick up. Within the range of conditions of this test~ 
metal pick up was observed at higher shoe loads and without water present while 
braking. 
The average tread temperature data, taken with the sliding thermocouples 
and hand held pyrometer, showed the temperature to be fairly independent of 
speed. This is logical since all tests had the same energy input. The average 
tread temperature during testing varied from 750°F to 850°F (388°c to 444°c), 
Discussion 
The type of crack that must depend upon hot spot development is the 
thermal check (8,9). The thermal check is not necessarily distinguishable 
from a thermal fatigue crack on the tread surface, but the mechanism of for-
mation is quite clear. Two heating cycles are required to form the thermal 
11 
check. The first cycle develops a small region of martensitic structure. The 
check is formed when the second heating cycle partially overlaps a small portion 
of the previously formed martensite. The contraction of the martensite upon 
tempering develops the required additional tensile stress to develop the check. 
The maximum depth of the original thermal check probably never exceeds one 
sixteenth of an inch, since it is dependent upon the depth that martensite can 
be formed. Propagation of these thermal checks by rolling contact stresses 
leads to spalling (10). 
Previous high speed tests (11) with very high brake shoe forces (stop 
tests _with cast iron shoes) were noted to develop severe hot spots of consider-
ably larger size. These hot spots can result in the formation of a thermal 
crack with only one brake cycle. The type of crack thus formed requires 
extremely high energy dissipation rates and, realistically, the only way any 
railway car wheel could receive this type of treatment in service would be 
from high speed emergency stops from speeds approaching 100 mph (44.7 mps). 
It is recognized that cracks form in wheels restricted to freight train speeds 
and that cracking also seems to be common in switcher service. The mechanism 
of cracking in wheels that are never subjected to high speeds is probably more 
dependent upon the average temperature of the tread surface. This conclusion 
is based on the results of this hot spot study where no intense hot spots were 
detected at 40 mph (17.9 m/s) speeds and the general observation of many 
previous tests with both high and low brake shoe loads in which hot spots are 
not prevalent at low speeds until after five minutes and the entire rim has 
been heated to approximately 800°F (427°c). 
The test data would seem to indicate that the occurrence and intensity of 
hot spots is decreased by the use of slotted shoes. The first tests (12) 
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conducted in our laboratory that used the silicon diode detector indicated a 
significant reduction of intensity of hot spots during stop tests when compo-
sition shoes were slotted. These initial tests gave indications of temper-
atures exceeding 1300°F (704°G) during stop tests from 100 mph (44.7 m/s) 
with 6,000 pound (26,700 N) shoe load on a single composition shoe. The 
number and magnitude of the temperature spikes were not recorded in the same 
manner so that the data is not directly comparable. Slotting of the compo-
sition shoe as indicated did definitely alter the hot spot generation pattern 
and it would seem likely that further study could lead to a shoe configuration 
that would be less prone to develop hot spots. Other investigations (4) have 
indicated that hot spot generation is mainly dependent upon wheel speed and 
independent of shoe load. Our studies would in general substantiate this 
idea within reasonable shoe loads. If high speeds are necessary for the 
development of intense hot spots and hot spots are necessary for thermal 
cracking, then switcher engines should not develop thermal cracks. There is 
undoubtedly a contradiction since thermal cracking is too prevalent in 
switcher operation. It is probably more logical to reason that thermal 
cracks can be developed without intense hot spots and furthermore hot spots 
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DEVELOPMENT OF HOT SPOTS WITH 100 hp (74.6kW) BRAKE DISSIPATION 
Per Cent of Tests Which 
Hot Spots Occurred 
Average Number of Hot Spots 
Per Circumferential Line 















2 3 4 5 1 2 3 
Complete Shoe, 1200°F (649°C) Spots 
0 0 0 0 .o .o .o 
1 3 37 82 .o .002 .002 
6 41 67 94 .o .01 .14 
12 34 58 83 .01 .004 .07 
0 0 Complete Shoe 1300 F (649 C) Spots 
0 0 4 71 
2 14 52 86 
2 7 24 76 
Slotted 0 Shoe, 1200 F 
0 0 22 75 
0 2 63 88 
0 0 22 67 
Slotted 0 Shoe, 1300 F 
0 .o 0 15 
0 0 33 83 
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Fig. I Regular and slotted type 
composition shoes used in tests. 
1300°FJ 
1200°F 
Fig. 2. Typical oscilloscope trace generated 
during drag test. Bottom trace indicates 













Fig. 3. Block diagram of temperature 
detecting system. 
Fig. 4. Temperature detector mounted 
above wheel tread surface. 
20 MPH l.5xl0-3 SEC. 
60MPH o.~3SEC. 
Fig. 5. Oscilloscope traces generated 
from simulated 704° C, 9.5 mm 
diameter hot spot moving as indcated. 
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Fig. 6. Average number of 649 ° C hot 
spots detected at indicated times during 
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Fig. 7. Average number of 704 ° C hot 
spots detected at indicated times during 
74.6 kW drag tests. 
